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Gain from cross talk among optical transitions
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We analyze the probe absorption spectra of a strongly drlvesystem with arbitrary spacing between the
two lower levels. Under the condition that the spacing between the two lower levels is of the order of a
strong-pump-field Rabi frequency, important interference effects are observed due to same-field coupling with
both the transitions. We report the possibility of a significant gain frontthss talkamong optical transitions,
and a strong dependence of gain and absorption on the relative polarizations of the pump and probe beams. We
present an analysis based on dressed states to explain our numerical [8408€-294{9)01801-9

PACS numbdis): 42.50.Gy, 42.50.Hz

I. INTRODUCTION in the presence of common coupling among hyperfine levels
of 29Pb. In this paper, we present the effects of such com-
The very early work of Mollow 1] on a coherently driven mon coupling on probe response in a driven system with
two-level atom demonstrated the possibility of gain withoutclosely spaced ground levels, particularly when ground lev-
inversion in bare states. Mollow’s work led to a variety of €ls havea separation of the order of driving field Rabi fre-
experimental2] and theoreticdl3] activity on gain in driven  quency.
systems. Various features of gain in driven two-level systems The organization of this paper is as follows: In Sec. Il we
are now understoo@—6] both in terms of inversion in a Study the absorption and gain spectra of a strongly driven
dressed basis or in terms of coherence in the new basis. three-level atom, and show the possibility of significant gain
the last decade the work on gain in driven systems becam® such a medium. We include the effect of cross talk among
especially important with the work of Harrig] and Ko-  optical transitions. In Sec. Ill we analyze the spectra by iden-
charovskaya and Khanif8] on lasing without population tifying strong interference effects, which gives rise to more
inversion (LWI). Harris in particular emphasized how the pronounced gain when spacing between the two ground lev-
interference effects can make the absorption and emissic@ls is of the order of one-half the pump Rabi frequency. In
profiles asymmetric, leading to the possibility of gain with- Sec. IV we present the dressed-state analysis to understand
out inversion. Many different models for LWI have been the numerical results. We show the existence of gain features
proposed9-13], and several experimertsé4—16 were also  due to inversion in dressed states, and transparency at certain
performed to test these ideas. Gain can be understood to ipgobe frequencies due to weak coupling among dressed
arising either from inversion between dressed states or froratates.
coherence between such states. For the model of [REf.
coherence plays a very important r[e]. Il. MODEL SYSTEM

In connection with LWI models, one usually considers the ] .
interaction of a strong coherent drive and a weak probe with We select a\ system with one excited staf), and two

different transitions of a system, i.e., the pump and probe adround level§2) and|3) (see Fig. 1 with arbitrary spacing
on different transitions. There are, however, situations whe§} between them. Such a configuration of levels with two
one has to relax the above assumption. Consider for exampflds has been well studied by assuming that a given field is
the hyperfine levels of potassium, the excited leveh 4 F driving only one transition This can be achieved either by
=1) and the two ground levels$}(F=2) and &,,(F selecting levels with large spacify or by suitable arrange-
=1) (A system, where the ground-level splitting is of the
order of 462 MHz for®%K, and 254 MHz for*K. In such | D)
case a single field can couple with more than one transition, IAI \ tAZ
and unlike driven two-level where doublets of dressed levels Y S
appear around bare levels, now multiple dressed levels ap- !
pear[18-2(, giving rise to many additional features. Along !
with this, for a probe field scanning such a system, interfer- 1 ! g Y
ence effects become inevitable due to the strong coherence !
between the two closely spaced ground levels. This coher- !
ence is created due to the cross talk among optical transi- 13) ?
tions.

It may be noted that such common coupling of levels ina FIG. 1. Schematic diagram of a three-levelsystem with arbi-
A system was studied in the context of optical bistabilitytrary spacingQ between the two ground levels. The purfgou-
[21] and two-photon gaiti22]. Xia et al. demonstrated the pling strengths= andG) and probe field§coupling strengthg and
possibility of electromagnetically induced transparef2$] f) act on both the transitions.

12

1050-2947/99/5@)/740(10)/$15.00 PRA 59 740 ©1999 The American Physical Society



PRA 59

ment of field polarization. However, in this particular case
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pra=— (y1+ y2+i(As+ Q))piati(G+fe @) pyg

we allow the same field to act on both the transitions, i.e., the

pump field, &=E,e '“?+c.c., which is driving the
|1)«|2) transition(Rabi frequency, &=2E,-d;,/%), can
also couple with thg1)«|3) transition (Rabi frequency,
2F=2E,-d3/%). Similarly, the weak probe field&;
=E,e '“i'+c.c. applied on thd1)«|3) transition (Rabi
frequency, B=2E;-d;s/A) can also drive thd1)«—|2)
transition(Rabi frequency, 2=2I§1-512/ﬁ). Here&ij is the
electric transition dipole moment between stdt¢ésand|j).

The HamiltonianH for this system in the dipole approxi-

mation is
H=1iWiA1+hQA,— (diAsp+ digAsg+ H.c) - (Epe o2t
+Ee ety ce), D

where the zero of energy is defined|8}, and%A W, is the
energy difference between staté$ and|3). Here the fields

are treated classically, ari; =|i){j| represents the atomic

population operators for=j and transition operators far

#j. The statd) of this system is the solution of the Schro

dinger equation

. dly)
Iﬁ7=H|¢> (2)

Under a unitary transformatioheg) = e'“2A12!| ), the Schie
dinger equation(2) for |¢) will have the effective Hamil-
tonianH ' = — hw,Aq + €' e2Mut e 92At given by

H' 1= (Ay+Q)A+ QA,L— (G+Te @A,
—(F+ge '1)Aj3+H.c., )

where w1,= w;— w, is the probe-pump detuning. Note that

the the pump detuning for the transitigd)«|2), A,

=W,3— Q) — w,, along with the probe detuning for the tran-

sition |1)«<|3), A;=Wy3—w,;, satisfy the relationw;,

=A,—A;+Q. We takeG,F<w,,w;, and hence neglect

the rapidly oscillating terms like; + w,,2w,,2w4 in (3) by
invoking the rotating-wave approximatid®RWA).

—i(F+ge 1) (p11—pay),

p2z=—1Qpoati(G* +f*e1d)p o~ i(F+ge 1) py.

Note that the density-matrix elements in the original frame
are given bypye'“?, p1se 2, pos, P11, P22, @ndpgs.

The well-known result for such a modéWwithout the
probe field is the Raman(Stokes and anti-Stokgand Ray-
leigh lines observed in the fluorescence spectrum when
F,G<7y1,7,<|Q|. Cohen-Tannoudji and Reynauf20]
studied a similar situation—the changes in the Raman and
Rayleigh lines at pump intensities much above the saturation
intensity. They specifically studied the two extreme cases
|Q|>F,G>v,,v, and F,G>y,,7,>|Q| and noted the
mixing of Raman and Rayleigh lines in the latter case. They
also discussed the probe absorption characteristics in the
above limits. Our interest lies in the case whéd~F,G
> vy,,v,. For hyperfine splittings, like the one in potassium,
one can easily have field strengths such thaG~|Q|.
Other possibilities will include Zeeman levels in the pres-
ence of a magnetic field, and linearly polarized electromag-
netic fields. The radiative decay terms in Ed) ignores the
effects of spontaneously generated coher¢Bdgas in most

atomic systems the two transition dipole mome&1§ and

&13 will be orthogonal. Expanding the solutions of E¢8.in
terms of the harmonics ab,,,

pij= % piMeimesd, 5)

the set of equations fopi(jm) can be solved for the steady
state. Since the probe field is assumed to be weak enough
(F,G>v,,y,>f,0), a perturbative solution will result only

in the harmonics corresponding tb=*1 in Eq. (5). The
probe field absorptiotd per unit volume due to the average

induced polarizatior?3 is

. JP
A=&- = ®)

We include the natural decay terms in our analysis, and

hence use the density-matrix formalism. Ley,2and 2y,
denote the spontaneous emission rates from tatéo the

stateg2) and|3) respectively. The density-matrix equations

will be

p11= —2(y1+ y2)puti(F+ge @) py
+i(G+fe o) p, —i(G* +f*e'“12)p,,

—i(F* +g*e'“1?)p,s,
p2o=2Yp11+1(G* + ¥ e 1) p ,—i(G+fe 'o1d)p,,,
pas=2y1p1+i(F* +g* e 1) p —i(F+ge 1) pgy,

p1o=—(y1+ Y2 +iAg)pioti(F+ge 1) p,,
—i(G+fe 1) (p11—pyy), 4

where the bar denotes the time average. The average polar-
ization for A" atoms per unit volume is

73=./\/{621plze_i“’2t+&31p13e_i‘”2t+ C.C.}. (7)

Here p;;’s are the steady-state solutions of E@4). The
probe absorption, using Eq&®), (6), and(7), is

A= Ni{iwi[gps '+ Fpbr V' —g*pist = *pi5 "]
+iw (g +fpi) e T9id—(g* piY — * piY)elesd]},
8

The energy absorption per unit volume is

A=iNho[gpig ™V +Tpis TV —g* pis = pi3 Y], (9)
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FIG. 2. Probe absorption coefficieatin dimensionless units as FIG. 3. Realy in units ofMals|2/ylﬁ_ The common param-
a function of probe-pump detuning,, for a drivenA system with  eters areG=0=10, g=0.1, andA,=0. The solid curve ha§&
near-degenerate ground levés®lid curvg. The parameters ai® =10, andf=0.1, and the dashed curve is = f=0.
=F=10,g=f=0.1,A,=0, andQ)=10. For comparison we also
plot (dashed curvethe usual Autler-Townes components observed = 9
when F=f=0. For large separation betwed®) and |3), Q X:Md13| (972050 + Fy.pl Y] (11)
=500, the gain disappeafsiot-dashefl and the standard Autler- yhg? s R

Townes splitting emerges. For this case we have shiftecKtheis
by -490 units, and th& axis by 0.05 units for clarity and compari-
son. These structures otherwise appeasat )= G. All frequen-
cies are in units ofy;=y,=y.

The dispersion properties of the medium corresponding to
the real part ofy are plotted in Fig. 3, both in the presence
and absence of cross talk. Clearly, the cross talk also signifi-
cantly changes the dispersion characteristics. The imaginary
where we use the fact that;=pj; . The probe absorption part of y corresponds to absorption, as can be seen from Eq.
coefficient per unit length(the ratio of 4 and the input  (10).
probe intensityc| E,|%/27) is Three gain peaks along with an absorption peak and a
central dispersive profile are the clear features of the solid
curve in Fig. 2. The dispersive gain arouag~ w- is a kind
2] +1 1 of stimulated Rayleigh gain, also seen in a driven two-level.
a= E[QYﬂm(p(B )+ fyam(pi )], 10 The origin of such dispersive features are kndws], and
lasing based on similar dispersive gain mechanism has been
discussed in the paf26]. The features at the two extremes

where we treat the probe Rabi frequencies as regl, Will show gain or absorption depending on the pump detun-
=4mNw,|digd?/cyh, and ¢ is the velocity of light in ing. They appear as dispersive profiles Whgn pump field is
vacuum. Note that the absorption now involves bothtuned to the center d2) and|3), as shown in Fig. 4. The

Im(p{5 %) and Im({3") because the probe is acting on both Spectra is symmetric about;,=0 for this detuning. On the

the transitions. other hand the two intermediate gain regions depend signifi-
We take the polarization of both pump and probe fieldscantly on the pump Rabi frequency. These gains are maxi-
along (e, + €3)/\2 (except in Fig. § wheree, and e; are ~ MUM for|2|~G=F, and disappear for bof}f}|>G,F and

: londi Qdn(drd vely. F |Q|<G,F. The gain is observed for bot@,,>0 and w,,
unit vectors alongly, anddy; (dip L dig), respectively. For = g ¢ 5 given pump detuning, and this supplements to the
simplicity we takey;=y,=+v and scale the Rabi frequen-

. ; so. f ical K recently observed gain by Browet al. [27].
cles, detun_mgs, anﬁz_by v- Also, for our numerical wor It should be noted that these gains are not because of any
we takeG=F and g=f. In Fig. 2, the probe absorption j,yesion in the bare states. The steady-state population in

coefficient is shown in units oé, as a function of probe- yhe three bare states and the ground-state coherence in the
pump detuningw;, for 2 =G. The negative absorption in jpcance of probe field is

the profile corresponds to stimulated emissidie solid
curve in Fig. 2 shows the remarkable result that cross talk

between different optical transitions gives rise to gain, pro- pl0= 2G*0*
vided the energy separation between the two ground levels is 1 8644802+ 2G202+ 04’
of the order of one-half the pump Rabi frequengyhen
cross talk is not taken into account, as shown in the figure, 4 5 o2
one observes the usual Autler-Towrj@s] components. p<2%>: 4G7+40°+ G0

The complex linear susceptibility (P= x&,) is given by 8G*+80%+2G20%+ 0%

(12
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FIG. 4. Probe absorption spectra for various value§lofhen FIG. 5. Probe absorption spectra far=G=F=10. The inter-
the pump field is tuned to the center of stafgs and|3) (A,= ference term(dot-dashed curyeand the absorption terrtdashed

—QJ/2). The solid curve is fofd=G, the dashed curve fof)  cyrye, as in Eq.(13), are separated to see their individual contri-

=2G, and the dot-dashed curve fér=3G. The parameters are pytion on the net resufsolid curve. The remaining parameters are

F=G=10 andf=g=0.1. The two intermediate gains appear asA,=0 andf=g=0.1, and all parameters are in units 1f

dispersive profiles af)=2G and for()>2G; these regions show

absorption features. Note that the dispersive profiles at the two _e>§pond to arinterferenceamong the probe field along the two

tremeshdo not show such crucial dependence on the pump fielg, \qjtions 4 result of cross talk among the two transitions.

strength. As observed, this interference term plays a prominent role
for small ), and disappears for large. For our numerical

©)— 4G+ 04+ 402%-G?%0? results we separate out the contribution of the diedastorp-
P33 T 8G4+802+2G202+ 04’ tion term and thenterferenceterm in Eq.(13). In Fig. 5 we
plot the net absorption coefficient along with the contribution
202 A2 A of absorption and interference terms. Note that the gain
pg%): CHQ"—4GT+4i0) peaks arounaq,= —16.8 and 13.5 arenhancedy the in-

8G*+802+2G202+ 04 terference. On the other hand, the strong absorptions around
w1,=—13.3 and 16.6 are almostullified by the interfer-

where we take==G, A,=0, andy=1 as in Fig. 2. Com- ence, though the refractive indésee Fig. 3, especially in the
paring the numerators, it can be shown from the above ex-

pressions thati) p{3>p(9 for all valuesQ and (i) p% : . ,
>p{® for 0<2G. Note that the coherenciRe(py)| is

significant only for the range df)|<2G, and is negligible 0.20 -
for >2G. We show in Sec. Il that this coherence can give
rise to gain. 015 |
IIl. NEW INTERFERENCE EFFECTS - 010 A
|
1

o]

We next analyze the spectra in Fig. 2, and will isolate the 3
new features as due to interference effects arising from cros
talk among optical transitions. To see this, we separate the

different effects of the probe field on the two transitions 0.00 = o
|1)<]2) and [1)«[3) by writing p{"Y=go;;+fof; and ‘ i
pV=go% +fo)* . Here we again usg;;=p to write the -0.05 ===
latter part, and treat and g as real. The probe absorption
coefficienta in this case will be 010 . - ; A . > - 0
®y,
— %071 2| f2| ’
a= 92 [g7Im(ory3) + FIm(07y)) FIG. 6. Probe absorption for different orientation of probe field
E, with respect to the pump fielif,. The solid curve is forf =
+fgim(o) +fgim(os)], (13 —g, the dashed curve fdr=0 (shifted by—0.05 units along the

axis for clarity), and the dot-dashed curve fg=0. For all the cases
where the first two terms correspond absorptionalong  E, is along an axis at 45to both d;, and d;3. The remaining
|1)«|3) and|1)«|2) transitions. The last two terms corre- parameters are as in Fig. 5.
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013= — (y1+ y2+iA))o13+iG oy

—iF(o1— 0'33)_i(P(1(i)_P(303)),

04 - . )
o15= = (y1+t ¥y +iA) o3t iGoy—iF (o~ 049 + Ip(2%) .
03 . The behavior of the elements in the interference term
5 A (012, 019 is governed by the zeroth-order coherence be-
B i tween state$2) and|3), created by the pump field. On the

other hand, the elements in the absorption term depends on
the zeroth-order inversion terms.
In order to understand the contribution of the interference
term in detail, we look at large and intermediate value§)of
as compared to the pump Rabi frequency. A lafyeand
smallA, effectively correspond to the case when the pump is
tuned to one transition, and in this case one does not expect
T T 0 1w 10 any coherence due to cross talk among transitions. Figure 7
shows the Autler-Townes components at;=—3(A,
FVAZ+4GY). At w,=Q (A=A,) the figure shows the
FIG. 7. Probe absorption spectra far=100. The interference transparency point due to coherent population trappag.
term (dot-dashed curvés displaced by-0.05 units and the absorp- Note that the contribution from the interference term is neg-
tion term(dashed curveby +0.05 units along th& axis for clarity.  ligible in this case.
The net result is the solid curve. The other parameters are as in Fig. For intermediate values &?, the pump at both the tran-
5. Note that the interference contribution is negligible, and onesitions has to be considered, and, depending on the probe
observes the usual Autler-Townes componenta gt Q=+ G for detuning, one expects two sets of Autler-Townes compo-
this set of parameters. nents(Fig. 8. The transparency points will be seenaa,
==+ (atA;=A, andA;—Q=A,+Q) as shown in Fig. 9.
region 1&=w.,<25) is still large. The interference thus The gain for the Autler-Townes components aroung=
leads to dispersion enhancement in the region of very low~  is because of the resonant pump fi@dat |1)<|2)
absorption as has been realized earlier by Sdi#j for a ~ transition @,=0 for Fig. 9. Also seen in Fig. 9 are Mollow
somewhat different model. The interference term is also ser-t] kind of features around,,=+2G,0, due to the probe
sitive to the relative orientation of the probe and pump fielgtuning to the same transition to which pump is tuned. In this
polarizations. In Fig. 6 we show the probe absorption fo case the th'rd gffectlvely nonparticipating level acts like a
various probe polarizations. When the pump and probe aré::rlsarlzf)ugg%nltr;r\;/)‘?geglrmng?:"g E}ag;erﬁér;rgisde ng;ﬁ:rigz
pgrpe;ndlculgr to_ each othef£ —g), the mterfere_nce term peaks due to pump intensities much above the saturation
will flip to give rise to strong absorptiof29]. In Fig. 6 we

... _intensity[20].
also show the result when probe acts only on transition For O close toG all the features discussed above are
|1)[3) (f=0) or[1)~|2) (g=0).

\ ) _ ... significant, and they are superimposed over one another. The
The origin of interference can be understood by explicitly coherence between state®y and|3) also increases due to
writing down the equations of density matrix elements ap-cross talk. Thus the interference term plays a dominant role
pearing in Eq(13): as shown in Fig. 5, giving rise to stimulated emissior2Ifs
reduced further, strong absorption and interference features
are seen aroung;,~2G. At Q=0 the interference term
completely cancels the absorption, as shown in Fig. 10. This
transparency is due to the phenomenon of coherent popula-
tion trapping(CPT) [30].

(’)12

612: —(y1ty2+i(A1—Q))og,
+iF0’§2_iG(0'11_ Uéz)_i(P(ﬁ)_P(zg))y

. . IV. SEMICLASSICAL DRESSED STATES
012=—(y1+ 72+ (A1 —Q))oy,

We examine the impact of the coherence created by cross

: : ()
+iFo3—i1G(o11— 022)+'va,2)! (14 talk in a dressed basis. In particular, to understand the pres-
— 12 % 1D
Ao+ Q '\ \Al' o _Al__ A
—-- \ é
\ 1
fa !
\ 19
F \ f

_¢4_ 12) I
E} 2 19 '

FIG. 8. The two effective 3 levels, depending on the probe detuning for intermediate val€d.cfwo sets of Autler-Townes
components will be seen depending on which transition the probe is tuned to.
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FIG. 9. Probe absorption spectra fr=40. The interference
term (dot-dashed curyeis displaced by—0.05, units and the ab-

GAIN FROM CROSS TALK AMONG OPTICAL TRANSITIONS 745
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E=0 |9 e
A l-)
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FIG. 11. (a) The bare states in the rotating frantb) The cor-
responding semiclassical dressed states(for0. The energy in
units of# is given on the left side of the levels.

iC=HC, (16)
whereC andH are 3X1 and 3x 3 matrices:
C(1) O -G -F
c=|Cat)|, H=|-G O 0 (17
Cs(t) -F 0 0

sorption term(dotted curveis displaced by+0.05 units, along the  The gressed-state analysis involves the evaluation of station-

Y axis for clarity. The net result is the solid curve. The other pa-
rameters are as in Fig. 5. Note the presence of Autler-Townes co
ponents aroundv;,=*(), and Mollow-type featuregsee inset

aroundwq,= *2G,0.

ence of pronounced gain features aroyfid=G. We first
ignore all the incoherent terms in E@). We can thus work

with the statd ¢) of the system given by
|)=Ca(1)|1)+Cy(1)[2) + C5(1)|3).

Here C;(t) are the probability amplitudes of the stafgs
i=1,2, and 3. For simplicity, we takA,=0 and treat the
Rabi frequencie§ andG as real. Substituting Eq15) into
the Schrdinger equation along with the Hamiltoniaid)
with only the pump field terms, we arrive at the matrix equa-

(19
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FIG. 10. Probe absorption spectra far=0. The interference
term (dot-dashed curyeand the absorption terrfdashed curve
completely cancel each other, giving rise to transparency. The rest |B)=Ng{FG|3) =G\ 4|1)+ (N g(Az—Q)— F2)|2)}.

(2

of the parameters are as in Fig. 5.

50

ary states for the atom plus pump field system. The matrix

"Hamiltonian in Eq.(17) can be diagonalized by taking

defH—IX|=0. This will result in a cubic equation of the
form N3+AN2+BA+C=0 where A=—20,B=Q?—F?
—G2, andC=QF?2. The two extreme roots of the above
cubic equation are
A.=—A/3+2\(A’-3B)cog 3cos }(¥L)], (18)

where L= (27C+2A%—9AB)/2(A%2—3B)%?, and the third
rootisAo=—A—\,—\_. The dressed levels are schemati-
cally shown in Fig. 11. In Figs. 18) and 12b), we plot the
eigenvalues as a function 61 for A,=0 and —Q/2. For
small}, A p—0. At Q=0 the eigenvaluek .. are symmetri-
cally situated abouh for case(a), but for case(b) this
symmetry is maintained for the entire range(df For large
) either\ . or A _ goes to zero, and hence the corresponding
eigenstate becomes the ground st8be The two remaining
excited eigenstates gives rise to the Autler-Townes compo-
nents.

Physically the above eigenvalue analysis means a unitary
transformation of the HamiltoniaH —SHS whereSis the
unitary matrix given by

—GA:N. (A —Q)—-F)N, FGN,
S=| —GAoNy  (A\o(Ag—Q)—F)N, FGNy |,
—GA_N_ (A_(A\_—Q)-F»)N_ FGN_

(19

WhereNZB’s (B=0,%) are the normalization factors given by
_NB=[)\BGZ+(>\B()\B—Q)—F2)2.+ FZGZ]—”?._ Populations

in the three dressed states will be the diagonal elements
pps={(Blp|B), where |B)'s are the three-orthonormal
dressed eigenstates. Explicitly these dressed states are given

by

0
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FIG. 12. Eigenvalues ; and the corresponding dressed-state populapgpss a function of spacin®. HereG=F =10 andA,=0 for
(@), while A,=—Q/2 for (b). Note that most of the population is in std@ for Q<2G, giving rise to stimulated emissions, as shown in

Fig. 13b).

We evaluate the steady-state population of the three dressethtes for the above Hamiltonian with positi¥® are as
states in the presence of dissipation terms by using &js. shown in Fig. 183). The two manifolddVi(n—1) andM (n)
(without the probe field termsand (20). In Figs. 1Zal) and  are shown and their centers have energy separatidnwgf
12(b1), we plot the steady-state population in the threeThe interaction with the field results in the mixing of various
dressed states as a function@f For Q=0 only the state uncoupled eigenstates in a given manifold, and the eigenval-
|0) is occupied due to population trapping but ffr#0 ues for each manifold can be evaluated as done above. The
there is still population inversionfor A<2G, thus giving  pump field mixing the uncoupled eigenstates of two different
rise to the possibility of stimulated emission from stHig. manifolds can be neglected by invoking the RW¥9]. In a
We also plot the population for the symmetric case wherstrict sense, all the atomic variables, the coupling stren@ths
A,=—-0Q/2, and note that for this case, population in bothand F and the eigenvalues will be different for different
the dressed statés ) and|—) are the same for all values of manifolds, but since we have assumed a laser mode with a
Q. It should be noted that the weight factor for the stdte  large mean number of photons and a relatively narrow dis-
is small in the stat¢0) compared to statds-) for the range tribution, the difference between and n=1 can be ne-
of O<G, because\,<G for this range. Thus inversion in glected. The dressed states in a given manifold, gy
the dressed basis is a reflection of ground-state coherencel), can be generalized from E(RO) by replacing states
and noninversion in the bare basis. |1), |2), and|3) by the eigenstates of Eq21), i.e., |1,n

The various peaks in the absorption spectrum correspone 1), |2,n), and|3,n) respectively. The sequence of dressed
to the transitions among the dressed states, and this can btates for two adjacent manifolds are shown in Figbl3
seen from the quantized dressed-state description where ti®pulations in the statég,n—1) and|B,n) can be consid-
pump field is quantized. The classical nature of the laseered equal in the semiclassical limit, and a transition among
modes is still preserved by taking mean number of photonshese states correspond to the the pump frequency
(n) very large, andn)>An>1, whereAn is the fluctuation
about the mean valug). The HamiltonianH, of the sys-
tem without the interaction term is given by A. Case I: Emission from[0,n) states

H-=#A(W. +QA,) +hw(ata+1/2), 21 As shown in Figs. 1&1) and 12bl), the population in
0=A(Widhss 22wy ) @Y state|0) is greater than that in-) for || <2G. This gives

wherea anda' are the annihilation and creation operatorsrise to the possibility of stimulated emission from states
for the laser mode at frequenay,. The uncoupled eigen- |0,n) to states=,n—1) at probe frequencie®;=w,+ X\,
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FIG. 13. Quantized dressed-state pic-
ture: (@) The uncoupled eigenstates of two
adjacent manifoldsM (n) and M(n—1)
separated by pump photon energy(#
=1). (b) The corresponding dressed states
when coupling is included. The arrows in-
dicate various absorption and emission
processes among the dressed states. As
noted in Fig. 5, the interference minimizes
the absorption from state®,n—1), but
enhances the stimulated emission from

states|0,n).

which the dipole moment of the dressed atom will oscillate.

=5.549, and\ _ = —8.02. Thus there is a possibility of gain This explains seven different features.gb= X\ ,— \ 5 in Fig.
aroundwq,=—16.9 and 13.5 from the above analytical re- 5 (aroundw,,~0,=13.5+ 16.9,+30.4). From the above ex-
sults, and this is in tune with the numerical result in Fig. 5.pression it is evident that the gain componenats+ X\

The small discrepancy in the numerical and analytical values-\ .. will have a coupling strength proportional iq,. As
arise because of the inclusion of dissipative terms in the nuseen in Figs. 1@) and 12b) A—0 for || <G, and hence
merical results. Both these gains can be understood phenortie coupling strength reduces in this region. The coupling is
enologically in terms of three-photon gain. Two pump pho-absent at)=0. For |Q|>G, the population inversion re-
tons are absorbed along with the emission of a probe photoduces, and as an interplay between these two the optimum
as shown in Fig. 14. We mention that the maximum value ofyain is observed only around)|~G. To clarify the exis-
gain at both these points is sensitive to the decay rates angnce of specific characteristic aroupd|~G further, we
decreases for unequal decay ratgmimerical result not

shown).

plot one of the gain componenis;,»=\o—A_ as a function
of Q in Fig. 15, and compare it with the componentuat,

Apart from inversion it is the coupling of the dressed =\_—\,, the transition among extreme dressed states.
atom with the probe field that governs the enhancement ofiote that the gain features are prominent|@{~G for
gain, and as we see f¢f)|<G, though there is population «,,=\,—\_, and no such special features are seen for
inversion, the coupling strength reduces because the systefobe frequency ab,,=\_—\, . This validates the point

is close to the CPT state. The coupling strength of the probghat stimulated emission frof®,n) is optimum only around
field will depend on the induced transition dipoles among thg () |~G.

dressed states, given by

dy 5= —NoNh (G{FGdyg+ (A g(A g— Q) — F?)d 5}

X ei<w2+)‘a_)‘ﬁ)t

(22

Here the indicesx and B take values 0 and-. The above

expression explains the existence of seven frequencies

i\

[+,n>
[0n>
|'sn >

[+0-1 >
[0,n=1 >

|"n'1 >

[+,n>
) |0)
IS | i
\ -Nn
\‘ A
\
@
Y
' ,
‘\ |+n-1 >
“ |0,n-1 >
‘ [0 >

B. Case II: Absorption from [0,n—1) states

In Fig. 5, note that the possibility of strong absorption at
w1,=—13.3 and 16.6, is minimized by the interference term.
This corresponds to the probe frequenciesvat w,+ A\ .
—\g [the dotted arrows in Fig. 1B)], and we study in detail
fHe reasons for this kind d@fansparencyIn Fig. 16 we plot
one of the components; =\ ; —\g as a function of}. As
seen, the strong absorption is nullified by the interference
term. The net absorption is zero@t=0 due to formation of
the CPT state, and continues to remaimimumfor a range
of |2|<2G due to staté0) being close to a CPT-like state.
Physically this can be understood in terms of destructive
interference leading to small dipole matrix elements for these
transitions. This can be seen from expressi®), where we
see that the frequency componentugtt A - — X will have
an induced dipole moment given by

—NoNL AL G{FGdiz+ (\g(Ao— Q) —Fddy}, (23

FIG. 14. Diagrammatic explanation of the two gain processeswhere Xo(Xo— Q) —F?<0 for all values of(). This gives
The solid (dotted arrow corresponds to three-photon gainast
+)\0_)\+ (w2+)\0—)\_).

rise to opposite contributions from the dipoles oscillating
along|1)«|2) and|1)«|3) transitions, and the amplitudes
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FIG. 15. Absorption coefficient at various values of probe fre-  F|G. 16. Absorption coefficient for one of the transparency
quencies as a function of2. The solid curve is forei;=X\o  components ats;,=\ ., —\, as a function of). The interference
—A_, and the dotted curve fop;;=A_—\. . Other parameters term (dot-dashed curyealmost nullifies the absorptiofidashed
includeG=F=10,g=f=0.1, andA,=0. curve for a range of|Q)| approximately up tdG. There is a net

transparency of around 99% in this range. The other parameters are
along these transitions hardly differ fof)|<G. For fre- as in Fig. 15.
guency components al,+Ay— A+ andw,+ N+ —\<, the
dipoles add up in phase becal)\'_sg()\t—(z)— F2>0 for all stateq 17]. Further, at) =2G=—2A,, the population in all
yalues OH}. Thus the net coupling for these comppqents he three dressed states are equal. This explains the presence
important for any()>0. On the other hand, retaining the of dispersive profiles even at;,= + (A o—\ ) for this par-
pump polarization and taking the probe polarization along, =" ~° 12—t B
(e,— €)/\2 (f=—qg), the coupling atv;,=\ . — Ao will be '
the strongest compared to the other components.
V. CONCLUSIONS
C. Case llI: Transition among |+) states
o ) In conclusion we have shown the possibility of both gain

The extreme peaks n Fig. 5, the gain peakagg_,: and weak transparency in a driveén system with closely

—30.4, and the absorption peak aj,=30.4 arise because g,,004 ground levels, due to cross talk among optical transi-

of transition among extreme dressed states as shown in F'gons. We have discussed the possibility of additional inter-

13(b) with da_shed lines. They correspond to tfe probe fre_ference effects which enhance the gain |&|~G,F.
guencies w;=wy+A+—\Nz. The gain atw;=wy,+A\_

X\, is because of the small population inversion as seen ir'4'hrough a dressed-state description, we have shown that the

Fig. 12al) at Q=10. Also note from Figs. 121 and origin of gain is due to population inversion among the

12(b1) that the population in these extreme states, unlikdiressed states. Further, the weak transparency at certain
state|0), is very sensitive to the pump detuning. The gainpmbe frequencies is due to weak coupling among dressed
will appear atw;,=A_—\, for A,>—Q/2, and atws, states. We have shown the existence of gain for probe-pump
=\, —\_ for A,<—0Q/2 (Q>0). This is because unlike detuning both greater and less than zero for a given pump
state|0) which has a major contribution from coherence dued€tuning, and have also noted the Mollow-type features ap-

to cross talk, botfi+ ) states have crucial contributions from P&aring in a spectra of driven three-level systems.
optical coherences. Finally, we note that even incoherent vacuum field can

At A,=—Q/2 the plot for eigenvalues in Fig. (t§  generate coherence within near-degenerate_levels With_ sepa-
shows that , —\g=\o—\_, because of the extreme eigen- "ation of the order of decay rates. Unde_r suitable conditions
values placed symmetrically aboht, for all values ofQy,  interference effects can be sg@1,32, which recently have
This explains the presence of very symmetric profiles aboued to interesting applications like quenching of spontaneous
w1,=0 in Fig. 4. Also, as shown in Fig. 1) the popula- emission[33], subnatural linewidths, gain without inversion
tion in the extreme dressed states), are the same for all [34], phase-dependent line shag@s), etc. Effects of such

values ofQ). This gives rise to the dispersive kind of profiles {€rms will be analyzed in a future publication.

as noted in Fig. 4 atw;,=A.—\- due to the transition

among dressed states of equal population. These dispersive

profiles can be explained by taking into account the nonsecu- ACKNOWLEDGMENT

lar terms in the dressed-state analyglss]. The gain ob-
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